Abstract
INTRODUCTION
Plants interact with their environment in various ways. They have to compete with their neighbours and endure abiotic stresses and pathogen attacks. Natural selection can improve competitiveness and stress resistance. However, there are no wild plants with resistances against all possible pathogens , an observation consistent with the idea of a trade-off between performance and defence . Genes that increase resistance against pathogens may be costly for a plant in the absence of pathogens. A meta-analysis showed that resistant plants had lower fitness than non-resistant ones in approximately half of 88 studies considered . It is important to understand the mechanism leading to such costs and how these affect plant-pathogen systems, as such knowledge is relevant for basic ecology as well as for agricultural ecosystems .
Fitness costs that are associated with pathogen resistance are difficult to measure. Resistance genes are often linked to other genes, making it difficult to elucidate single-gene costs of resistance. This problem can be avoided by using transgenic (genetically modified = GM) plants that differ only in one or a few known genes from their original genetic background . Thus, transgenic crop plants may serve as model systems for ecologists interested in costs of pathogen resistance, even though they may differ in some aspects from wild plants.
Few studies to date have measured costs of resistance in transgenic plants Romeis et al. 2007; Tian et al. 2003; Vila-Aiub et al. 2009 ). Resistance costs of transgenes have been found in some but not all these studies (Snow et al. 1999) . Even if such costs exist, they have to be put into the right context. There are very few studies (e.g. ) that varied the pathogen pressure, which is necessary to study the ecological relevance of costs associated with resistance genes. The pathogen level can itself be influenced by the plant community, which can either facilitate or slow down the spread of epidemics. In particular, genetic diversity for pathogen resistance in a plant stand can reduce the pathogen pressure and therefore increase the performance at the level of the population and of individual plants Schmid 1994; Wolfe 2000; . However, we did not find any published reports where the influence of pathogen pressure and community diversity on plant performance and costs of resistance were evaluated in combination.
We therefore performed a field trial with four transgenic and two non-transgenic lines of spring wheat Triticum aestivum L. that belonged either to the variety Bobwhite or Frisal. The GM Bobwhite lines Pm3b#1 and Pm3b#2 harboured a Pm3b transgene against powdery mildew Blumeria graminis f.sp. tritici (DC.) Speer, whereas the Frisal lines A9 and A13 had either a chitinase or a chitinase and a glucanase gene, respectively, to induce quantitative fungal resistance. These transgenic lines were produced from commercially available Bobwhite or Frisal plants, which we took as controls. We established three fungal infection treatments. One third of the studied plants were sprayed with fungicide to prevent powdery mildew infection, to allow measurement of potential costs of resistance in the absence of the pathogen. Furthermore, plants were naturally or artificially infected with powdery mildew to obtain different pathogen infection levels. We worked with individual plants that were hand seeded into plots containing either Bobwhite or Frisal lines of varying genetic diversity (0, 1, or 2 GM lines). The factorial design, combining the different wheat lines with fungal infection and genetic diversity treatments, allowed us to address the following questions: (i) are there differences between GM and non-GM lines and between different GM lines? (ii) are there costs of resistance in the absence of pathogens? (iii) does the mixing of plant lines and therefore the increase of genetic diversity increase resistance and performance and are there interactions between fungal infection and diversity treatments?
MATERIALS AND METHODS

GM wheat
We used six spring wheat lines of the Mexican variety Bobwhite SH 98 26 von Burg et al. 2010 von Burg et al. , 2011 Zeller et al. 2010 ) and the Swiss variety Frisal for our experiment. Two GM and one non-GM line were chosen from each variety.
The GM lines of Bobwhite harboured a Pm3b transgene in different position on the genome, each derived from different transformation events. Pm3b confers race-specific resistance to powdery mildew and was obtained from the hexaploid wheat variety Chul (Yahiaoui et al. 2004) . The lines, which were named Pm3b#1 and Pm3b#2, were generated by biolistic transformation . The Pm3b gene was cloned under the control of the Zea mays L. (maize) ubiquitin promoter . More detailed information can be found in previous studies Zeller et al. 2010) . Presence of the transgenes was confirmed by Southern hybridization analysis (Southern 2006) . The GM lines contained the Pmi gene as well as one complete copy of Pm3b, which segregated as a single Mendelian locus in the T1 generation. Two Pm3b lines were multiplied to T5 and used for the field experiment. The level of transgene expression was assessed by quantitative real-time PCR using RNA isolated from leaves of field-grown plants. It revealed that Pm3b genes in the lines Pm3b#1 and Pm3b#2 were expressed constitutively and that the mean expression level was 11 and 55 times higher than in the variety Chul, where this gene is expressed naturally Zeller et al. 2010) .
The two transgenic lines with the genetic background of the variety Frisal contained genes from barley that are known for their antifungal effect and the constitutive or inducible expression of pathogenesis-related genes (Zhu et al. 1994) . Line A9 harboured a chitinase and A13 both a chitinase and a b-1,3-glucanase transgene . Both lines were generated by biolistic transformation. A maize ubiquitin promoter was used for the chitinase and an actin promoter from rice ) for the b-1,3-glucanase. The expression of the transgenes chitinase and b-1,3-glucanase was analysed by sodium dodecyl sulphatepolyacrylamide gel electrophoresis and Western blotting of intercellular wash fluid from mature leaves and in later generations on total protein from seedling leaves . Both lines were multiplied to T6 in the glasshouse in order to verify stable expression of the transgenes.
Field experiment
The field experiment took place at an agricultural research station in Zurich-Reckenholz, Switzerland, at 440 m above sea level. It started in March 2009 and lasted until beginning of August 2009. Three powdery mildew treatment blocks, each with twelve 1.0 3 1.3 m plots, were sown with seeds of the six lines described above (Supplementary Figure S1) . Besides the monocultures, six plots with 50:50 mixtures consisting of Pm3b#1/Bobwhite control, Pm3b#2/Bobwhite control, Pm3b#1/Pm3b#2 as well as A9/Frisal control, A13/Frisal control and A9/A13 were sown to assess mixture effects. In each plot, five rows with a distance of 20 cm between them were sown at a density of 400 seeds per square metre using a Seedmatic system (Hege 90; Hege Maschinen, Eging am See, Germany). To assess the performance of individual plants, it was essential to know the line identity of plants in mixture plots. We therefore inserted short sections consisting of seven seeds (seed islands) of known identity by hand into the prepared rows. This was done right after the machine sowing. Each island was shifted slightly relative to the machine-sown row to allow the removal of machine-sown seedlings immediately after emergence (see Supplementary Figure S1 ). Monocultures received one and mixture plots two islands. This planting procedure guaranteed that the hand-sown seeds in these seed islands had an almost identical competitive environment as the machine-sown seeds. Three out of the seven planted seedlings per island (positions 2, 4, 6) were marked with a label after emergence.
The three fungal infection treatments were fungicide application and natural and artificial mildew infection. Fungicide plots were sprayed three times with the fungicide Prosper (500g l À1 Spiroxamine; Leu + Gygax AG, Birmenstorf, Switzerland). This allowed keeping the plots almost completely free of powdery mildew. In the natural infection plots, neither artificial inoculation nor fungicides were applied. All untreated plots were infected strongly by powdery mildew during the field experiment. The plots with artificial powdery mildew infection were bordered with 'spreader rows' of the susceptible conventional winter wheat variety Kanzler. The plants of the spreader rows had been pregrown and inoculated with powdery mildew isolate 96224 in the glasshouse. The distance between spreader rows and plots was 80 cm. The powdery mildew isolate 96224 had been collected between Winterthur and Kloten (Switzerland) in 1996 Srichumpa et al. 2005) and was known to be avirulent on Pm3b (Yahiaoui et al. 2009) . A second batch of inoculated plantlets were produced and planted 1 month later. The three fungal infection treatments were separated from each other by a 4-m wide border crop of spring triticale to reduce cross-contamination.
Based on a nutrient assessment, different amounts of nitrogen fertilizer were applied before sowing. This resulted in equal nitrogen concentrations (7.5g N m À2 ) in each block. At the phenological stages 22-29 (Zadoks et al. 1974) , additional nitrogen was added (3 g N m À2 as 'Ammonsalpeter 27.5', Lonza, Visp, Switzerland). The natural field soil provided the plants with sufficient phosphorous, potassium and magnesium (81, 176 and 248 mg kg
À1
). All plots were sprayed with the herbicide cocktail Concert SX (40% Thifensulfurone, 4% Metusulfurone-methyl; Stähler Suisse AG, Zofingen, Switzerland) and Starane super (120 g l À1 Bromoxynil, 120 g l À1 Ioxynil, 100 g l À1 Fluroxypyrmetilheptil-ester; Omya Agro AG, Safenwil, Switzerland) at the beginning of May. Insecticide Karate Zeon (100 g l À1 LambdaCyhalothrin; Syngenta Agro AG, Dielsdorf, Switzerland) against the wheat stem fly (Chlorops pumilionis Bjerk.) was applied at the beginning of May and repeated 2 weeks later.
Response variables
The degree of powdery mildew infection was assessed 32, 45, 59 and 80 days after germination. Based on these data, we calculated the 'area under disease progress curve' (AUDPC, . AUDPC is the amount of disease integrated over the time period of interests. It is based on the trapezoidal rule for calculating areas . After ripening, all marked plants were cut at ground level and separated into vegetative and reproductive parts (spikes). Vegetative and reproductive parts were then dried at 80 and 25°C, respectively, and weighed. We then threshed the reproductive parts and obtained the seed mass that is equivalent to seed yield. The seeds obtained from all spikes of a plant were counted by hand. Vegetative mass was calculated by subtracting the seed mass from the total biomass. Furthermore, plant height was measured at the highest point of the plant from the soil, 80 days after germination.
Data analysis
We analysed the data with mixed-model analysis of variance using the classical ANOVA as well as the restricted maximum likelihood (REML) method with the statistical software GenStat (VSN International). Results were almost identical and thus only the REML analyses are presented in this paper because they are considered to yield better results when missing values occur in a data set . In contrast to the classical method, which fits a mean for each level of a random-effects term, the REML method directly estimates the variance components of such terms. We used blocks, the block 3 fungal treatment interaction, plots nested within this interaction and islands nested within plots as random-effects terms in the analysis. Using these random-effects terms and the REML approach ensured that fixed-effects terms were automatically tested against appropriate error terms . Terms for fixed effects were fitted with hierarchical and factorial models as follows. First, we used an 'all hierarchical' treatment/line model that sequentially, i) divided the line effects (six levels) into a contrast between Bobwhite and Frisal plants, ii) added within each variety the fungal infection treatment (three levels) as a iia) contrast between fungicide and mildew infection and a iib) contrast between natural and artificial infection within the latter, iii) added the two remaining line-effects contrasts iiia) control vs. GM lines and iiib) differences between the two GM lines within each variety (Model 1; Fig. 1 and Supplementary Table S1). Second, we used a 'factorial submodel' after the initial contrast i) between Bobwhite and Frisal for each of the two varieties separately. The submodel contained the main effects of fungal infection treatment, divided into the two contrasts iia) and iib), the main effects of the two remaining line-effects contrasts iiia) and iiib) and the corresponding four contrast interactions (Model 2; Supplementary Table S2 ). The advantage of these contrast formations was that they yielded focused single degree of freedom tests (Rosenthal and Rosnow 1985) . As recommended by these authors, we used this approach of focused comparison instead of post hoc multiple comparison tests.
Two additional terms were added to these two models to assess the influence on the target plants of the number of GM et al.
et al.
lines (GM richness 0, 1 and 2) or the proportion of GM plants (GM concentration 0, 50, 100%) per plot. Since these two contrasts were partly confounded with each other, their fitting sequence was alternated in two separate runs of the analyses. Furthermore, these contrasts were either fitted before or after the effects of the lines and the fungal infection treatment. Fitting GM richness and concentration first in the models allowed an assessment of their influence 'ignoring' confounding effects of the lines (effects of fungal infection treatment were not confounded with GM richness or GM concentration and therefore in this case the fitting sequence did not matter). Fitting GM richness and concentration after the fungal infection treatment and line effects allowed an assessment of their influence 'eliminating' confounding effects of the lines (see, e.g. McCullagh and Nelder 1989 for the ignoring/eliminating terminology).
To understand better the effects of fungal infection treatments and GM richness and GM concentration within each, Bobwhite or Frisal, we repeated all analyses with datasets restricted to either of the two varieties. However, we mostly present results from the full model.
Residual plots were examined to check if the assumptions of normality and homoscedasticity were fulfilled. Seed yield, vegetative mass and seed number were square root transformed and v 2 transformation was necessary for plant height. Backtransformed means and standard errors from the REML output were used to draw the figures. The critical significance level was 0.05 in all analyses. Since several of the measured traits correlated with each other, we also performed a multivariate linear mixed model (MLMM) to test for the overall significance of fungal infection treatment and line effects. The five traits AUDPC, plant height, seed yield, vegetative mass and seed number were combined in a single analysis. Transformed data were used for the MLMM analysis.
RESULTS
Powdery mildew infection
The spring wheat variety Bobwhite was more susceptible to powdery mildew than the old Swiss variety Frisal ('Bobwhite vs. Frisal': P < 0.001; Fig. 2a and Supplementary Table S1 ). The repeated spraying with fungicide reduced mildew infections by a factor of 6.2 for Bobwhite and by a factor of 5.4 for Frisal plants ('Fungicide vs. Mildew' within Bobwhite or within Frisal both P < 0.001, see Supplementary Table S1 ). The natural and artificial mildew treatment levels did not differ significantly from each other with regard to mildew infection, both within Bobwhite or within Frisal. Nevertheless, we assume that the composition of the pathogen community differed between these two treatment levels because the artificial infection was done with one particular powdery mildew strain. The Bobwhite GM lines Pm3b#1 and Pm3b#2 were less susceptible to powdery mildew than the non-transgenic Bobwhite control line in all three fungal infection treatments (83, 52, and 61% less mildew in fungicide-treated, natural infection and artificial infection plots, respectively). Pm3b#2 had 36% less powdery mildew than Pm3b#1 in the plots with natural infection (P < 0.001; 'Pm3b#1/2 in Natural' in Supplementary Table S1 ).
There was no such difference between the two Bobwhite GM lines in the plots with artificial infection where a mildew strain avirulent for Pm3b genes was released.
Mildew infections decreased with increasing GM concentration in the plots (GM concentration fitted before line effects: P < 0.001, data not shown). Results for GM richness were less clear. GM-rich plots had significantly less mildew when GM richness was fitted before GM concentration. However, this signal was lost when GM concentration was fitted before GM richness. To understand why GM concentration and GM richness reduced the mildew infection levels in diverse plots, we performed further analyses. We fitted GM concentration and GM richness after fungal infection treatment and line effects and interactions and therefore eliminated these (see Material and Methods). As a result, the significant results from above disappeared (see Supplementary Table S1 ), which means that the decreased powdery mildew infection can be explained by the different pathogen resistance levels of the individual lines (line effects). The GM-Frisal lines A9 and A13 showed no increased pathogen resistance when compared to plants of the Frisal control line and also no differences for GM concentration or GM richness. The mixing of lines Pm3b#1 with Pm3b#2 or A9 with A13 did therefore not lead to synergistic reduction of powdery mildew infection levels.
Fungal infection treatment effects and differences between GM and control lines in these (all hierarchical model)
Plants of the variety Bobwhite differed from Frisal in all traits (MLMM, 'Bobwhite vs. Frisal': P < 0.001). The performance of Bobwhite and Frisal plants depended strongly on the fungicide or mildew treatment levels and therefore on the pathogen pressure (MLMM, 'Fungicide/Mildew' for Bobwhite and Frisal both with P < 0.001). Neither Bobwhite nor Frisal lines performed differently in plots with natural as compared with artificial infection. We describe the Bobwhite results first, followed by Frisal. lines (GM richness 0, 1 and 2) or the proportion of GM plants (GM concentration 0, 50, 100%) per plot. Since these two contrasts were partly confounded with each other, their fitting sequence was alternated in two separate runs of the analyses. Furthermore, these contrasts were either fitted before or after the effects of the lines and the fungal infection treatment. Fitting GM richness and concentration first in the models allowed an assessment of their influence 'ignoring' confounding effects of the lines (effects of fungal infection treatment were not confounded with GM richness or GM concentration and therefore in this case the fitting sequence did not matter). Fitting GM richness and concentration after the fungal infection treatment and line effects allowed an assessment of their influence 'eliminating' confounding effects of the lines (see, e.g. McCullagh and Nelder 1989 for the ignoring/eliminating terminology).
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The fungicide application increased plant height within the Bobwhite variety (P = 0.002; 'Fungicide vs. Mildew in Bobwhite' for plant height in Supplementary Table S1 ). However, there were no overall positive effects on seed yield or vegetative mass because of line-specific responses to the fungicide application. Seed yields of plants of the Bobwhite control line and the GM line Pm3b#2 were 31% and 13% higher, respectively, under fungicide application, whereas they were 28% lower for plants of the GM line Pm3b#1.
Bobwhite GM lines reacted differently to fungicide spraying compared to Bobwhite control lines (P = 0.005; 'Fungicide/Mildew 3 BW/GM within variety Bobwhite' for seed yield in Supplementary Table S2 ). When comparing the Bobwhite control line with the mean of the two Bobwhite GM lines in the fungicide-treated plots, we found that the latter had 42% fewer seeds (P < 0.001), 46% lower seed yield (P < 0.001), 34% lower vegetative mass (P < 0.001) and 7% lower plant height (P = 0.002; 'BW/GM in Fungicide' in Supplementary Table S1 ). The seed yield of line Pm3b#1 was 39% and that of line Pm3b#2 was 53% lower than that of the Bobwhite control line. These results indicate that the Bobwhite GM lines, in contrast to the control line, did not benefit from the absence of the pathogens. Bobwhite GM lines had on average less seeds than Bobwhite control in the natural infection treatment level (P = 0.016; 'BW/GM in Natural' for seed number in Supplementary Table S1 ).
Frisal lines that were sprayed with fungicide grew taller than unsprayed plants ('Fungicide vs. Mildew within Frisal' for plant height: P = 0.003; Supplementary Table S1). As for the Bobwhite lines, the two Frisal GM lines had on average 20% fewer seeds (P = 0.026), 18% lower yield (P = 0.043) and 6% lower plant height (P < 0.001) than the control line ('Frisal/GM in Fungicide'; Supplementary Table S1) in the sprayed plots. We found that the yield of line A9 was 14% and that of line A13 was 23% lower when compared to Frisal control. No such differences were found for plants growing in plots with natural or artificial infection.
Differences between GM lines (factorial submodel)
Although the two GM lines of Bobwhite, Pm3b#1 and Pm3b#2, had the same transgene, they had very different phenotypes (MLMM, 'Pm3b#1/2': P < 0.001). Pm3b#2 had 19% fewer seeds (P = 0.051), 41% lower seed yield (P < 0.001), 19% lower vegetative mass (P = 0.058) and a 5% reduced height (P < 0.001) compared with Pm3b#1 ('Pm3b#1/2'; Supplementary Table  S2 ). In addition to this overall difference, the two GM lines also showed different responses to the two mildew treatments Table S2 ). This was due to a higher relative performance of Pm3b#1 in plots with mildew than with fungicide whereas no such response was found for line Pm3b#2. However, even the GM line Pm3b#1 never reached the performance of control plants in fungicide plots. The yield of unsprayed Pm3b#1 was 21% and that of Pm3b#2 59% lower than that of the Bobwhite control line in the fungicide treatment level.
Also in the variety Frisal, the two GM lines, A9 and A13, had different phenotypes (MLMM, 'A9/A13': P < 0.001). Plants of line A9 were 4% shorter (P < 0.001) and had 18% more seeds (P = .015) than A13 ('A9/A13'; Supplementary Table S2) . As for the Bobwhite GM lines, also the Frisal GM lines could never reach the yields of sprayed Frisal control plants. Unsprayed A9 plants had 20% and unsprayed A13 plants had 27% lower seed yields than sprayed plants of the Frisal control line.
Effects of GM concentration and GM richness
The genetic diversity of the plot into which the tested plants were sown influenced their performance. Plants in plots with higher GM concentration had fewer seeds (P < 0.001), lower seed yield (P = .005) and were shorter (P < 0.001) than plants in plots with higher GM concentration. To understand why GM concentration had mostly negative effects on fitness-related traits, we fitted GM concentration and GM richness after line and fungal infection treatment effects and interactions and therefore eliminated these (see Materials and Methods). As a result, all significant results from above disappeared (see Supplementary Tables S1 and S2) . By looking at the data, we could see that the good performance of Bobwhite control and the bad performance of line Pm3b#2 underlie most of the concentration and richness effects. No synergistic effects caused by the mixing of lines Pm3b#1 with Pm3b#2 or A9 with A13 were detected.
DISCUSSION
Powdery mildew infection
Our results show that the two tested spring wheat varieties differed from each other. Bobwhite lines proved to be more susceptible to powdery mildew than the Swiss variety Frisal. This might have to do with different breeding aims and the origin of these varieties. In Switzerland, where powdery mildew is a serious plant disease, breeders have favoured resistant varieties whereas this was not necessary in Mexico where no natural epidemics occur ). Frisal entered the official variety list of Switzerland in 1987. After the release, the susceptibility to powdery mildew and leaf rust increased during the nineties (M. Winzeler, personal communication). Frisal was subsequently taken off the market in 2006. It is therefore not surprising that not only Bobwhite but also Frisal lines were infected by this pathogen. The GM lines Pm3b#1 and Pm3b#2 proved to be more resistant to powdery mildew than their genetic background Bobwhite. No such differences were detected in the A9 and A13 lines that were produced from Frisal. This may be because Frisal control lines were already relatively resistant to powdery mildew. It is conceivable that this native resistance could not be improved by additional resistance genes. This result, however, contrasts with laboratory results where A9 was less susceptible to powdery mildew than Frisal . Hence, these results demonstrate the importance of field trials.
Since we worked in a natural environment, it was not possible to remove the omnipresent natural mildew spores. However, the fungicide used in the fungicide treatment level reduced powdery mildew infections in all plots to almost zero. This allowed us to assess the influence of the pathogen pressure on fitness-related traits and unintended effects. The difference between the natural and artificial treatment levels was less prominent. There was no overall difference in pathogen abundance (AUDPC) between these two treatment levels, although the artificial infection started before the natural infection (data not shown). It is conceivable that climatic conditions and not the start of the inoculation mainly affected the spread and growth of powdery mildew. However, it is likely that the artificially introduced mildew isolate 96224 was more common in artificial than in natural infection plots. This strain is avirulent for (i.e. can not attack) the two Bobwhite GM lines Pm3b#1 and Pm3b#2. We therefore expected less mildew in these plots than in the naturally infected ones. Indeed, line Pm3b#1 proved to be more resistant in the artificially than in the naturally inoculated plots. Line Pm3b#2, however, was highly resistant in both and this could have been due to the very high transgene expression levels of this line that made it even resistant to a 'non-target' powdery mildew strain. argued that high expression does provide some degree of quantitative resistance against different strains of powdery mildew.
Besides the mildew treatment levels, we analysed the influence of plant diversity on individual plants within a plot. Plants in plots with high concentrations of resistant GM lines had less powdery mildew than plants in plots with the susceptible Bobwhite control line. This effect could be explained by the presence or absence of the susceptible Bobwhite line. One reason to include diversity treatments into our experimental design was to assess possible synergistic effects caused by the mixing of different GM lines. There are several publications that show improved pathogen resistance in fields with mixed varieties Wolfe 2000) . However, we found no indications that mixed Pm3b#1 and Pm3b#2 plots were more resistant against powdery mildew than monocultures of these GM lines with identical transgenes but different expression levels. There are at least two explanations for this. Either the influence of the mixed background was not strong enough to affect the plants which themselves belonged to uniform seed islands or these lines were too similar to allow synergistic or complementary effects. The same might be true for the Frisal lines. Although not genetically identical, all three Frisal lines were similarly resistant against powdery mildew in all three fungal infection treatments. Hence, in the absence of variability, no synergistic effects should perhaps have been expected. levels ('Fungicide/Mildew 3 Pm3b#1/2' for vegetative mass: P = 0.038; Supplementary Table S2 ). This was due to a higher relative performance of Pm3b#1 in plots with mildew than with fungicide whereas no such response was found for line Pm3b#2. However, even the GM line Pm3b#1 never reached the performance of control plants in fungicide plots. The yield of unsprayed Pm3b#1 was 21% and that of Pm3b#2 59% lower than that of the Bobwhite control line in the fungicide treatment level.
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Costs of resistance
If a transgene would induce complete pathogen resistance without any costs, we would expect GM lines to perform as well as non-resistant control lines in absence of pathogens. We found, however, that all four GM lines performed worse than their Bobwhite and Frisal control lines in fungicide-treated plots. In fact, none of the lines ever reached the level of the non-GM control lines even in the un-sprayed plots. This indicates that Pm3b as well as chitinase and glucanase transgenes cause costs of resistance. We found that the disadvantage of GM lines, as expected, decreased in plots with high pathogen levels.
Whereas costs of resistance might explain why these GM lines did not reach the level of the control lines in the absence of the pathogen, this does not explain why line Pm3b#1 performed worse in the fungicide than in the mildew treatment levels. One explanation could be that the chemicals of the fungicide interacted with the transgene or its products. Increased sensitivity to fungicide was described already earlier in a glasshouse study (Zeller et al. 2010) . The sum of costs of resistance and fungicide sensitivity could have caused the large fitness reductions in lines Pm3b#1 and Pm2b#2. Since it is not possible to remove a common pathogen from a field without the use of pesticide, one would have to revert to closed systems without pathogen presence to study costs of resistance separate from potential fungicide effects. However, costs of resistance might not be visible under conditions that are optimal for plant growth. A better approach than closed systems might be to carry out field trials in areas where the targeted pathogen does not occur naturally or to stress the plants in the closed system.
Whereas line Pm3b#1 performed better in the mildew than in the fungicide treatment presumably due to benefits related to its powdery mildew resistance; Pm3b#2 performed poorly in all environments. For this line, costs of resistance seemed to be so high that potential benefits of the transgene were offset in all environments. Line Pm3b#1 apparently could retain more plasticity than did line Pm3b#2. This difference might be explained by the expression level. Line Pm3b#2 is known for much higher transgene expression levels than line Pm3b#1 Zeller et al. 2010) . It is conceivable that costs of resistance increase with higher expression level because of increased metabolic stress. Besides the high expression levels, it would also be possible that not the gene dosage but locationdependent interactions of the transgene with the native genome caused these negative effects .
Among the GM Frisal lines, A13 grew taller than A19. Seed yield and seed number were lower in line A13, but these differences were not significant. We could therefore not prove that line A13, which harbours two transgenes, performs worse than line A9 with only one. Further experiments are necessary to assess if the number of transgenes within a single plant increases costs of resistance.
GM plants with high costs of resistance may not be particularly useful in agronomy. They have, however, one advantage: their risk of spreading uncontrollably in fields or even to natural habitats is very low. It is very likely that such plants would be outcompeted in natural habitats where pathogens are known to fluctuate widely.
It should be noted, however, that it would be unlikely for such GM lines with inferior performance to reach the stage of commercialization. Suitable crop lines are usually selected from a pool of several hundred or even thousands of lines. Plants with poor performance in the field, as the one's which we used here, can still be discarded at a late testing stage, i.e. after they have been moved from the controlled environment to the field.
Diversity effects
Besides the influence of the fungal infection treatments, we studied how the genetic diversity of stands influenced individual plants within these. There are examples from agronomy where increased diversity leads to reduced pathogen susceptibility and transgressive overyielding Wolfe 2000) . If crop varieties or wild plant species are mixed with each other, it is difficult if not impossible to test if particular resistance genes or other phenotypic traits are responsible for these positive diversity effects. Transgenic plants that differ only in single genes can be useful to understand such mechanisms. Hence, we planted either monocultures or mixtures of one GM with one non-GM line or two different GM lines. We found that several fitness-related traits and plant height were influenced by the concentration of GM plants within each plot. However, almost all these differences could be explained by the presence of a particular line in the corresponding plots. No further benefits of mixing these GM lines with each other were detected. This result is in line with the powdery mildew results discussed above. Individual plants were not less infected with this pathogen than expected from the monoculture means. The amount of powdery mildew infection seemed to influence the overall performance of our study plants. Thus, because powdery mildew was not reduced more in plots with two GM lines than in plots with only one, we would also not expect positive effects on other traits. Furthermore, high costs of resistance might have concealed such effects. As described in the section above, the GM lines might have been too similar to complement each other or the lack of mixing in the planted islands could have concealed the effects. Indeed, we found strong diversity effects in a sister study in which we mixed GM lines with different Pm3 alleles . We recommend, therefore, using more dissimilar transgenic plants for future diversity studies. Furthermore, better mixing might be necessary to obtain good diversity effects.
CONCLUSIONS
Our study demonstrates that transgenic plants may differ from their non-GM control lines in many traits and that these differences can be influenced by environmental factors (i). There were differences between the Bobwhite GM lines Pm3b#1 and Pm3b#2 as well as between the Frisal GM lines A9 and A13. The latter might be explained by differences in the introduced gene construct. The lines Pm3b#1 and Pm3b#2 share, however, an identical transgene. It is most likely that different expression levels caused by positional effects were responsible for the differences between the two Bobwhite GM lines. In view of all this variation, we conclude that ecological assessments of GM plants should be done on a case-by-case basis .
We found that all four tested GM lines suffered from costs of resistance in the absence of the pathogen (ii). Interestingly, even transgenic lines without further increased pathogen resistance compared to already resistant control lines (variety Frisal) showed such negative effects. However, in the presence of the pathogen, three of the four tested GM lines did not differ in their performance from the non-GM control lines. In this case, positive effects of the pathogen resistance probably compensated for the negative effects of costs of resistance.
Finally, the diversity of the plant communities influenced pathogen levels and plant performance (iii). However, no synergistic effects were detected. We conclude that the balance between costs and benefits of increased pathogen resistance and therefore the performance of GM plants depends mainly on environmental factors. It is conceivable that transgenic plants with high costs of resistance can outperform conventional lines only in areas with constantly high pathogen pressure. Pathogen populations are known to vary from year to year depending mostly on weather conditions and other factors. Hence, in years of low pathogen pressure, non-resistant plants should have an advantage over resistant plants. One could therefore recommend to cultivate both resistant and non-resistant plants in places with variable pathogen populations.
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